Wear behavior of four kinds of thermally sprayed coatings on steel tooth drill bits have been investigated by micro-abrasion wear test. The fixed ball micro abrasion wear test was applied for bare substrate and for thermal sprayed substrate of each sample. SiC and Al2O3 abrasive powders with grain size of 5 µm were used in the abrasion experiments. Ball rotational speed values of 140 rpm and applied loads of 1, 2 and 3 N were used. Experimental results show that the wear mechanisms of the coatings are micro-grooving and micro-rolling. Application of the coatings was found to have an influence on the wear mechanism of the samples. The results also indicate that wear resistance of thermally sprayed coatings can be correlated to porosity, hardness, plasticity, toughness, and cohesion properties of the coatings. In addition, wear resistance of the coated samples had increased in accordance with the increasing coating thickness.
Introduction
Drilling process is performed by a number of techniques ranging from rotary to percussive drilling in very hard rock, medium hard rock and soft rock types. Both in rotary and percussive drilling systems drill performance is determined largely by the cost of drilling. The drill performance depends primarily on the choice of drill bit and then on how the drill bit is used. Therefore, a lot of drill bits have been designed for drilling industry. One of them is the three-cone bit. This bit is used widely to drill most of the oilfield wells. It usually has three bearing-supported rolling cones ( Fig. 1 ) with teeth or cutters distributed in different geometrically controlled patterns over each cone. Cutter elements are made of hard faced steel (Fig. 1a) or are formed by pressed-in sintered tungsten carbide inserts (TCI) (Fig. 1b) . Steel tooth drill bits (STDB), which are made of hard-faced steel are used more widely because they are cheaper than other types of drill bits. However, as is the case with all drill bits, STDB are exposed to highly abrasive rock and high velocity fluids that cause severe wear, erosion and corrosion in service, depending on the operating conditions [1] [2] [3] [4] [5] .
In order to overcome this problem, and to reduce the cost per foot, surface modification techniques such as chemical vapor deposition (CVD), boron ion implantation [6] [7] [8] [9] , pulse-plasma deposition [10] , laser surface modification [11] , thermal spray techniques (TS) [12] , etc., have been studied for protecting the drill bits against wear, fluid erosion and corrosion [6] [7] [8] . Some of these coating techniques, CVD, boron ion implantation and pulse-plasma deposition, are reported as not suitable for rock drilling applications due to thin thickness of the protective layer and its inferior bonding strength with the substrate. Amongst the above techniques the best one is the TS technique. TS technique is preferred due to its productivity, thicker coatings, simplicity, robustness and cost effectiveness compared to other techniques. During the thermal spraying, powder particles are heated to molten or semi-molten state using flame spray (FS), plasma spray (PS) and high velocity oxygen fuel (HVOF). Depending on the thermal spray process used, powder particles can be accelerated to supersonic velocities, forming dense coatings with good wear and corrosion properties [13] [14] [15] .
Although micro-abrasion is a common materialslimiting issue in industrial applications [16] [17] [18] , most of the studies have been carried out in the field of microstructure properties, wear and corrosion resistance of thermally sprayed coatings. However, a little attention was payed in literature to the effects of micro-abrasion on wear and corrosion behavior [19] [20] . Such effects are important to characterize, because micro-abrasion in rock drilling and industrial applications typically occurs in different tribo-corrosive environments. Understanding the micro-abrasion wear behavior of drill bits is critically important for improving the coating for rock drilling conditions. For this purpose in this article, the micro-abrasion wear performance of samples, thermal spray coated with four different coating powders, was assessed and compared to each other.
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Materials and methods

Development of coatings
The substrate material selected for the study was STDB samples with chemical composition given in Table I . Specimens with dimensions of approximately 70 × 20 × 10 mm 3 were prepared out of STDB and grit blasted with alumina powders (grit 45) before the deposition processes. The coating processes was performed by FS and HVOF techniques to examine the effect of different coating thicknesses and different coating powders. Commercial powders named 36 C, 15F, Diamalloy 5849, and Diamalloy 3004 were used as coating materials. Flame spraying was carried out using a Metco 5P spray gun and for the HVOF application a Jetkote II system was used at DEKA Surface Technologies Company Pvt. Limited (Turkey). The chemical composition of the coating powders and the process parameters used in the coating processes are reported in Table II . All process parameters, including the spray distance, were kept constant throughout the coating processes. 
Characterization of FS and HVOF coatings
For metallographic examinations, samples of appropriate size were cut and cross-sectional surfaces were cold mounted. The specimens were then grinded using 240, 320, 400, 600, 800, 1000 and 1200 grit abrasive papers and polished with 3 µm alumina paste followed by polishing with 1 µm diamond paste. Optical studies were carried out using a Huvitz HDS-5800 Digital metal microscope, equipped with 3D image analysis software. Scanning electron microscopy (SEM) studies were conducted using a TESCAN scanning electron microscope, equipped with energy dispersive spectroscopy (EDS) capability, at accelerating voltage of 25 kV. Microhardness measurements were recorded using a Future Tech FM-700 hardness tester using 100 gf load and 10 s dwell time. X-ray diffraction (XRD) analyses were carried out using a computer-controlled Rigaku DMAX II RadB-XRD with Cu K α radiation, at 2θ angles ranging from 10
• to 80 • .
Micro-abrasion wear tests
Fixed-ball micro-abrasion wear test was first introduced by Kassman et al. [21] and had became one of the widely used methods in determination of abrasive wear resistance of thin hard coatings [22] [23] . In this method, a hardened steel ball is rotating by applying pressure either with the help of a load or under its own weight in an abrasive suspension. The method in which a ball is rotating via a rotating shaft and is applying pressure under its own weight to test part is called the "fixed ball" method. The ball used in this study was made of AISI 52100 steel and had a diameter of 25.4 mm (1 ). Prior to each wear test, balls and surface of the samples were ultrasonically cleaned in acetone for 10 min and then air dried. Silicon carbide (SiC) and alumina (Al 2 O 3 ) with the average particle size of 5 µm were used as the abrasives. The abrasive slurry was created with the composition of 30, 40 and 50% balance of distilled water. Rotational speed of the ball was selected as 140 rpm. Each test was repeated three times. In the course of these tests, a drop of abrasive slurry was applied every 20 seconds. The total test time for each sample was determined as 180 seconds.
Results and discussion
Microstructural characterization
Some properties, measured from the coating crosssections, are reported in Table III. Table III shows that the hardness values, measured for all coatings produced by FS and HVOF, were ranging from 714 to 984 HV 0.1 . This is significantly higher than the hardness of the bare substrate, measuring < 355 HV 0.1 . It was found that the hardness of the tungsten carbide powders was higher than that of the chromium carbide powders. Such high hardness is expected to be favorable for wear-resistance applications. The highest micro hardness was obtained in WC-Co-Cr coating deposited by HVOF and the lowest hardness was obtained in 15F deposited by flame spraying method. This can be attributed to the microstructure and phase formation of the hard phases, such as WC.
In addition the thickness of the coatings had measured between the 893.36 and 340.64 µm, which is in accordance with many studies in the literature [12, 24, 25] . The measured surface roughness was 0.1-0.3 µm and porosity of the coating had ranged between 1 and 4%, which is in the acceptable range. Figure 2 shows SEM image of the coatings produced by FS and HVOF. The coatings named 1, 2, 3 appear to be fully dense, however coating number 4 (Cr 3 C 2 -25(Ni20Cr)) shows oxides, cracks and porosity in some regions. These are undesirable defects of the coatings which have to operate under tribo-corrosion conditions, since cracks and open porosities could expose the substrate to the aggressive environment, nullifying the protective function of the coating [26] . In such case the wear resistance of the coating decreases. It is indicated by many researches that W 2 C is formed as a result of partial decarburization of tungsten carbide to di-tungsten carbide [27, 28] . The XRD pattern for the assprayed Cr 3 C 2 -25(Ni-20Cr) coating shows a diffraction pattern with a number of overlapping diffraction lines of carbides Cr 3 C 2 , Cr 7 C 3 , Cr 23 C 6 and binder NiCr, as was reported earlier [28] . The only difference from the previous study is the presence of Cr 2 Ni 3 phase. It has been reported that decarburization of Cr 3 C 2 to Cr 7 C 3 or Cr 23 C 6 does not have a detrimental effect on the wear resistance of the coating [29] . However, in case of WCbased coatings, the decomposition may deteriorate the wear properties of the coating due to the formation of brittle carbides and oxy-carbides [28, 30] . When examining the XRD diagrams of the coating produced by FS, it can be seen that boron (B) and iron (Fe), are effective in the phase formation. In these coatings boron and iron containing phases have been found, such as CrB, WB, FeNi 3 , CrFe, Cr 2 B.
Micro-abrasion wear results
Micro-abrasion prevails over many physical and chemical mechanisms acting on wear pairs during the wear process. Contact geometry, surface roughness, microstructural properties, grain size, toughness, speed, load, temperature, time and the environment are important parameters in the formation of wear mechanisms occurring on the surface of the wear pairs [31] [32] [33] . Volume losses after fixed-ball micro-abrasion wear test are given in Figs. 4 and 5. Wear tests were performed using Al 2 O 3 and SiC abrasive powder under three different loads (1, 2 and 3 N), at three different concentrations of abrasive powder (30%, 40%, 50%) and at sliding rate of 140 rev/min. In the calculation of the volume losses was used an equation from previous studies [34, 35] . As it can be seen from the Fig. 4 , the best wear resistance was obtained in specimen 1. This was followed by specimens number 2, 3 and 4, respectively. The micro-abrasion wear test performed in solutions containing SiC, under the same conditions, are reported in Fig. 5 . As can be seen from Fig. 5 , volume loss of the samples subjected to wear process in SiC abrasive solution was higher than that of the samples subjected to wear process in Al 2 O 3 solution. This is closely related to the hardness of SiC (2900-3000 HV 0.3 ) and Al 2 O 3 (2200-2100 HV 0.3 ).
When the volume loss of the samples was studied by taking into consideration the applied load, it was found that volume loss of the samples also increased with increasing load (Figs. 4 and 5) . Increasing the load results in an increase of the pressure applied by the particles. Thus, a particle, trapped between the abrasive ball and the abraded surface, will penetrate deeper into the surface of the abraded material. Undoubtedly, one of the important parameters involved in this sinking process will be the volume hardness of the sample. An increase in the hardness of the sample will generally result in more resistance against surface indentation, so the penetration of abrasive particles will be reduced. However, the increase of the load on the particles will also increase their penetration. A particle, penetrated into surface, tears off the material from adjacent regions of surface by applying force to the material. The microstructure and micromechanical properties of the sample are of importance in this process. Particles, in the form of splat 30-40 µm held to each other by plastic deformation, break with abrasive cutting effect from the weakest connected splat point. Thus metal transfer takes place from the surface. In addition, the increasing load on the abrasive particle will cause the fracture. So fractured abrasive particles, which have more sharp corners, will be another factor increasing the wear losses.
When volume loss of the samples is investigated as function of concentration of the abrasive, the increase in abrasive concentration results in an increase of the volume loss (Figs. 4 and 5) . This is attributable to the amount of abrasive particle touching the material surface per unit time, because it is obvious that grinding motion to the abrasive particles, moved along the cutting surface by the ball, will abrade the surface and will lead to further volume loss. Figure 6 shows SEM micrograph of the sample 1, subjected to the wear test at 1 N, 140 rpm, in 30% SiC abrasive solution. It is seen that the circular-shaped abrasion marks are found to be compatible with those mentioned in ASTM G77 standard [36] . When this micrograph was examined at higher magnification, it was found that active micro-grooving is the type of abrasive wear at low concentrations (Fig. 6b) .
Examination of Fig. 7a shows two regions A and B. It can be seen that micro-grooving type of wear mechanism is predominant in area B (Fig. 7b) . However, microrolling type of wear is also present in the system (Fig. 7b) . Whereas in the area A (Fig. 7c ) the micro-rolling type of wear mechanism is predominant. SEM microstructures of coating produced by HVOF are given in Figs. 8 and 9 . It is observed that wear mechanism has completely changed in the sample produced by HVOF method.
It is seen that the wear mechanism is entirely of microrolling type (Figs. 8 and 9 ). This is related to microstructure of the samples. Sample 3, has the highest vol- ume hardness among all studied samples. An increase in the hardness of a material will result in a decrease in its toughness. The decrease in fracture toughness of the material will lead to the increased fragility. When Fig. 9 is examined, fractures with sizes of 10-20 µm are seen, comparable with the abrasive particle size, which is associated with nullifying the protective function of the coating.
Conclusions
In this study, wear behavior of four kinds of thermally sprayed coatings on steel tooth drill bits have been investigated by micro-abrasion wear test. Main results can be summarized as follows:
1. The morphology of coating was in the acceptable range. The coatings have no cracks, are homogeneous, dense, with low amount of oxides, and low porosity.
2. Microstructure and hardness of the samples plays an important role in the formation of wear mechanisms.
3. Increasing in abrasive concentration and increasing the applied load result in the increase of the volume loss.
4. While generally grooving was the main wearing mechanism in region where the ball and the eroded surface were in heavy interactions, in other sides the rolling type of wear mechanism has been effective.
5. Wear resistance of the coated samples had increased in accordance with the increasing coating thickness.
